, and plasma ,&hydroxybutyrate (P-OHB) and C8 were monitored over 180 min. Newborn (NR, 24 h old) and mature rabbits (MR, >1 yr old) were also compared. Linear regressions of plasma ,&OHB (PM) vs. plasma C8 (PM) were calculated for C8 ~1,000 PM. There was a significant linear relationship of @-OHB regressed against C8 in all ages of pigs (P < 0.001) and in NR (P = 0.024). The slope for NP (0.08) was one to two orders of magnitude below slopes for older pigs (WP = 1.19 and MP = 0.78, P < 0.01 vs. NP), NR (6.97, P < 0.05), and MR (4.04, NS). The ,&OHB peak in NP (40.9 2 4.4 PM) was l-8% of the maxima in other animals (P < 0.05) despite a C8 maximum (2.3 t 0.3 mM) similar to that of WP (1.9 t 0.7 mM) and MR (2.9 t 1.2 mM) (P > 0.05, NS). The data are consistent with the hypothesis that NP have a poor capacity for ketogenesis. ketone bodies; medium-chain fatty acids; pigs
neonatal pigs (NP, 24 h old) do not exhibit elevated blood ketone bodies (KB). Mature swine have relatively high KB under certain conditions, suggesting an ontogeny of ketogenesis. Thus we evaluated the hypothesis that NP possess a relatively attenuated ketogenic capacity vs. weaned pigs (WP) and mature pigs (MP). Fasted animals were given an intraperitoneal dose of octanoate (C8), and plasma ,&hydroxybutyrate (P-OHB) and C8 were monitored over 180 min. Newborn (NR, 24 h old) and mature rabbits (MR, >1 yr old) were also compared. Linear regressions of plasma ,&OHB (PM) vs. plasma C8 (PM) were calculated for C8 ~1,000 PM. There was a significant linear relationship of @-OHB regressed against C8 in all ages of pigs (P < 0.001) and in NR (P = 0.024). The slope for NP (0.08) was one to two orders of magnitude below slopes for older pigs (WP = 1.19 and MP = 0.78, P < 0.01 vs. NP), NR (6.97, P < 0.05), and MR (4.04, NS). The ,&OHB peak in NP (40.9 2 4.4 PM) was l-8% of the maxima in other animals (P < 0.05) despite a C8 maximum (2.3 t 0.3 mM) similar to that of WP (1.9 t 0.7 mM) and MR (2.9 t 1.2 mM) (P > 0.05, NS). The data are consistent with the hypothesis that NP have a poor capacity for ketogenesis. ketone bodies; medium-chain fatty acids; pigs RELATIVETO ADULTCONSPECIFICS, anumberofneonatal animals display elevated blood ketone body (KB) levels throughout the suckling period. "Neonatal hyperketonemia"
(blood KB ~200 PM; Ref. 34 ) is caused by the increased dependence on lipid-based metabolism after birth (13, 14, 34) . As the newborn liver is exposed to a high fat/low carbohydrate environment concomitant with milk ingestion, ketogenesis is accelerated and blood ,&hydroxybutyrate (P-OHB) and acetoacetate (AcAc) concentrations rise (13, 14, 34) . Upon weaning, levels decline to those observed during the normal fed state in mature animals. This phenomenon has been reported in suckling guinea pigs (8), humans (19), rabbits (5)) and rats (10). The high circulating KB concentration during the neonatal period is thought to be advantageous in that KB can serve as an important fuel source for tissues such as brain and muscle and may thus serve to spare glucose and amino acids (13, 14, 27, 34, 35) . KB carbon can be incorporated into brain lipids during development in rats (35, 36) , and the necessary KB-utilizing enzymes are up-regulated in rat brain after birth (17, 35, 36) , leading to the speculation that KBs provide significant lipid precursor carbon during suckling (27, 34, 35, 36) .
The relatively low blood KB levels observed during suckling in piglets (12, 24, 30) suggest that swine do not adhere to the neonatal hyperketonemia paradigm. This may be partially explained by the small lipid reserves of piglets at birth (20, 32) and thus the paucity of mobilizable ketogenic substrate as nonesterified fatty acids (NEFA). However, plasma KBs remain low even as piglets ingest milk with a fat content of ~50% (14) , and when they are fed medium-chain triglycerides (MCT) (21, 22) . Furthermore, in vitro data (6, 25) support the idea that ketogenesis is attenuated in newborn swine. Blood KB values obtained from the literature on weaned and adult pigs indicate that under certain conditions more mature animals display plasma KB levels well above those observed in suckling neonatal pigs (1, 12, 20, 28) . This experiment was designed to examine the potential ontogeny of ketogenic capacity in swine in vivo through serial blood determinations of ,&OHB and octanoate (C8) after a C8 challenge in newborn, weaned, and mature pigs. Administration of C8, a medium-chain fatty acid (MCFA; 6-12 carbons), bypasses control by carnitine palmitoyl transferase I (CPT I) on the mitochondrial membrane of hepatocytes, thus serving as an obligate fuel that enters the matrix freely to elicit a significant increase in ketogenesis (see Ref. 15 ). Neonatal and adult rabbits subjected to a similar protocol were compared with pigs, because rabbits are highly ketogenie when substrate is made available (5, 7). The ratio of blood or plasma ,&OHB to AcAc is ~1, especially under the reducing conditions of heavy lipid oxidation (1, 2, 12, 24, 27) . Therefore, ketogenic capacity was assessed through a comparison of the linear regression slopes of plasma ,&OHB relative to increased C8, as well as changes in absolute P-OHB concentration following intraperitoneal delivery of C8.
MATERIALS AND METHODS
AnimaZs. This study was approved by the Laboratory Animal Care Advisory Committee of the University of Illinois at Urbana-champaign. Newborn piglets (n = 8), weaned pigs (n = 5), and mature pigs (n = 6) of the Yorkshire/Duroc crossbreed from the University of Illinois Moorman Swine Research Farm were used. Neonatal piglets were withdrawn from the sow l-3 h postpartum and fasted for 24 h before the initiation of the study to diminish liver glycogen stores (24, 30) and promote hepatic oxidation of fatty acids. Weaned (28 days old) and mature (5 mo old) pigs were fasted for 48 and 72 h, respectively. Newborn (n = 28) and mature (n = 5) New Zealand White rabbits were also studied. Neonatal rabbits (withdrawn from the doe l-3 h postpartum) and adults (>l yr old) were fasted for 24 h prior to experimentation. Mean body mass (&SE) values were (in kg) 1.54 t 0.074 ( neonatal piglets), 8.75 t 0.51 (weaned pigs), 96.42 + 1.98 (mature pigs), 0.049 t 0.0019 (newborn rabbits), and 4.13 z 0.13 kg (mature rabbits).
C8 delivery and sampZe collection. Animals were injected intraperitoneally (ip) with a dose of 0.25 M (newborn rabbits) or 0.5 M (others) Na-C8 (Sigma, St. Louis, MO) targeted to induce a significant increase in circulating C8. This approach was designed to yield a rapid increase in plasma C8 concentration, which should elicit accelerated ketogenesis and bypass potential age-or species-specific differences in digestion or absorption of lipid. Based on pilot studies, the following dosages were chosen to elicit elevated plasma C8 levels: 75 mmol C8/kg0.75 (newborn piglets), 126 mmol C8/kg0.75 (weaned and mature pigs), 38 mmol C8/kg0.75 (neonatal rabbits), and 176 mmol C8/kg"-75 (adult rabbits). Blood was serially collected from pigs into heparinized vacuum tubes (Becton Dickinson, Rutherford, NJ) via jugular venipuncture before C8 injection (to) and at 30 min ( tso), 60 min (tGo), 120 min (tlZO), and 180 min (tlgO) post-C8. Adult rabbits were sampled by ear vein venipuncture into heparinized syringes at to-t,,,. For newborn rabbits, individuals representing a given time point (i.e., tso; see Analyses and statistics) were sampled by cardiac puncture into heparinized syringes after anesthesia at to-tlsO [102 mg/kg ketamine HCl (Ketaset), Aveco, Fort Dodge, IA]. After blood sampling, anesthetized neonatal rabbits were killed under CO,. Samples were placed on ice until centrifugation at 5,000 g. Plasma was frozen at -20°C until analysis for C8 and P-OHB l-4 wk later.
samples by high-performance liquid chromatography as described by Odle et al. (22) using heptanoate (CT) as internal standard. Neonatal rabbits ingest milk containing significant AnaZyses and statistics. Plasma C8 was determined on t30-t180 Differences in mean plasma P-OHB (to-tlsO) and C8 ( t30-tlso) between periods in pigs were assessed using the SAS general linear model procedure for a split-plot design (SAS Institute, Cary, NC). Changes in these parameters ( to-tlso) were evaluated in neonatal rabbits via analysis of variance (ANOVA) for a randomized complete block (blocked by litter) followed by a protected Fisher's least-significant difference (LSD) procedure (23). Adult rabbit P-OHB (to-tlzo) and C8 (tE30-t120) data were analyzed by ANOVA followed by paired t tests (23). Preliminary analyses indicated that the relationship between P-OHB and C8 was linear for C8 < 1,000 PM (data not shown). Thus, for each group (newborn pigs, weaned pigs, mature pigs, neonatal rabbits, and mature rabbits) plasma ,0-OHB was regressed on plasma C8 for C8 concentrations ~1,000 PM using linear regression (SAS), and slopes were tested for difference from zero using the F test (23). Among the groups, differences between mean slopes, P-OHB at to, and plasma P-OHB and C8 maxima were compared using unequal variance t tests (23).
Means t SE are reported. Differences between means were considered significant at P < 0.05. Fig. 1 ). Before CS injection (to), there were significant differences in fasting P-OHB concentrations among groups, with neonatal pigs and rabbits having the lowest and highest baseline concentrations, respectively (Table  1 ; Fig. 1 ).
RESULTS

Maximum
Linear regressions of plasma ,&OHB as a function of plasma CS in pigs are shown in Fig. 2 for C8 concentrations ~1,000 PM. While there was a significant positive relationship of p-OHB to C8 in neonatal rabbits, a linear relationship of P-OHB vs. C8 did not hold for adult rabbits (see Fig. 2 legend) . The slopes of the regression lines were significantly greater than zero for pigs regardless of age (P < 0.001) and for neonatal rabbits (P < 0.05), but not for adult rabbits (P > 0.05). For a given increase in plasma C8, neonatal pigs displayed a significantly attenuated increase in plasma ,&OHB (i.e., the regression slope) relative to weaned pigs (P < O.Ol), mature pigs (P < 0.01)) and neonatal rabbits (P c 0.05). Intraperitoneal injection of C8 elicited an increase in plasma C8 in all groups, achieving significance over 30-DISCUSS1oN 180 min in newborn pigs, weaned pigs, and mature rabbits Plasma concentration of a metabolite is a function of (Table 1) . Twenty-four-hour fasted neonatal rabbits dis-its flux into and out of the circulation. The plasma level of ,&OHB is affected by its tissue uptake, oxidation, conversion to AcAc, production, and excretion. Therefore, played measurable plasma C8 before injection (Table 1 ).
Compared to to, plasma ,&OHB increased in all groups by tsO, although the increase did not achieve significance in neonatal pigs (Fig. 1) . The concentration maxima were ,&OHB must be limited. However, tissue uptake of KB highly variable, ranging from 40.9 t 4.4 PM (neonatal has been shown to be correlated with blood concentration piglets) to 3,181.O t 704.3 PM (adult rabbits) ( Table 1; Plasma ,&OHB was not significantly altered in neonatal pigs (P > 0.05, split-plot ANOVA; n = 8), despite elevated C8 (see Table 1 ). Upper-case letters (A, mature pigs; A', weaned pigs) that differ indicate significant differences between time points within groups (P < 0.05, split-plot ANOVA; n = 5 for weaned pigs and n = 6 for mature pigs). A significant age x time effect exists for ,&OHB (P < 0.0001; split-plot ANOVA). B: changes in plasma P-OHB concentration after ip dose of Na-C8 in neonatal rabbits (0) and mature rabbits (0) that were fasted 24 h. Different letters (A, mature rabbits; A', neonatal rabbits) denote significant differences between time periods (P < 0.05, Fisher's protected LSD test; n = 28 for neonatal rabbits) (P < 0.05; paired t tests, n = 5 for mature rabbits).
Bars represent SE.
In addition, work with other models of medium-chain triglyceride (MCT) administration in rats (11, 33) , dogs (2), humans (26)) and weaned to mature pigs (1, 20, 28) has demonstrated that increased exposure to MCFA elicits an increase in blood KB. It follows that the change in plasma ,&OHB after introduction of a large dose of ketogenie substrate (i.e., CS) is valuable in assessing relative ketogenic capacity in vivo when baseline plasma P-OHB values are known and differences in plasma C8 are accounted for (via examination of changes in @-OHB relative to C8 through regression analysis, for example). In support of this view are the significant linear correlations between plasma CS and ,&OHB (Fig. 2) for C8 values 4,000 ,uM in all ages of pigs (P c 0.001) and in newborn rabbits (P < 0.05).
The results are consistent with the hypothesis that newborn pigs possess relative to rabbits and a reduced capacity more mature swine.
for ketogenesis First, although piglets (Table l) , regression data (Fig. 2) indicate that this group displayed a low incremental increase in ,&OHB (regression slope 0.08 t 0.01) that was one to two orders of magnitude below that of weaned pigs (slope 1.19 It is not likely that the true increase in plasma ,&OHB in piglets was masked by an extraordinary improvement in the utilization rate of ,&OHB and AcAc (which would act to lower plasma ,&OHB for a given rate of production). As noted above, tissue utilization of KB is proportional to blood KB when blood KB concentration is relatively low in other species (27) and in day-old piglets (31) .
Second, from the low slope of P-OHB vs. C8 in piglets (see above), it follows that the peak concentration of plasma ,&OHB in piglets was just l-8% of the levels observed in other groups (P < 0.01; see Table 1 and Fig.  l) , even when the maximum plasma C8 concentration in newborn pigs was similar to that observed in weaned pigs and mature rabbits (P > 0.05, Table 1 ). The relatively low maximum plasma ,&OHB in newborn pigs is consistent with earlier studies that reported maxima of just 20-50 PM in whole blood after an intragastric load of 12 ml MCT was administered to neonatal pigs (21, 22) . However, the data in newborn swine are in contrast with the marked increase in blood KB seen in dogs (>800 PM plasma KB; Ref. The plasma ,&OHB in 24-h fasted newborn pigs was near the lower detection limit of the assay at to, while weaned pigs, mature pigs, mature rabbits, and neonatal rabbits displayed levels ranging from 50 to 589 PM (Table  1 and Fig. 1 ). This result might be partially explained by the negligible lipid reserves (l-2% of body mass; Refs. 20, = 0.18; P = 0.024, n = 28). Asterisks denote significant differences in slopes compared to that of NP (* P < 0.05; ** P < 0.01). Mature rabbits did not display a significant correlation between ,&OHB and C8 (y = 4.040~ + 863.232; r* = 0.10; P = 0.37, n = 10); thus the is not presented graphically.
regression line plasma C8 rose after ip injection of Na-C8 in neonatal R764 KETONE BODIES IN NEONATAL SWINE 32) available for mobilization of NEFA during the fasting state in piglets (3, 12, 24, 30) . It is reasonable to assume that lipid stores of older pigs, neonatal rabbits, and mature rabbits could have contributed significant ketogenic substrate as NEFA to the liver during fasting, thus leading to the high (relative to newborn pigs) P-OHB levels at to. Differences in circulating NEFA and/or ,&OHB flux (not measured in this study) might also explain the poor correlation of C8 and ,&OHB observed in mature rabbits (see Fig. 2 legend) .
The data extend previous work that has suggested that there is an ontogenic pattern of ketogenesis in swine. For instance, blood p-OHB concentration in suckling or fasting newborn piglets (3, 21, 24, 30) falls well below levels observed in older pigs under various conditions (1, 12, 20, 28) . Furthermore, in vitro data indicate that flux (pmol/ min) of fatty acid carbon to acid-soluble products (ASP, presumably including ketone bodies) in isolated hepatocytes increases with age in pigs (6). The results from rabbits indicate that the ability to increase plasma KB occurs soon after birth, a finding which is consistent with previous data in this species (5, 7).
Perspectives
Piglets are susceptible to hypoglycemia when undernourished during the first few days postpartum (3, 12, 30) . To what degree the lack of alternative substrate as KB contributes to this phenomenon is unknown. Ironically, newborn piglets may supply up to ~30% of their whole body energy requirements from KB when exogenous ,&OHB is made available (31) . The idiosyncratic blood profile in neonatal pigs cannot be overcome by increased blood concentration of C8 (this study) or other MCFA (21, 22) . By virtue of their ease of entry into mitochondria, the MCFA bypass one critical control locus of ketogenesis: CPT I, the enzyme responsible for shuttling impermeable long-chain fatty acids (LCFA) into mitochondria as LCFAcyl-carnitine (15) . Thus it is reasonable to speculate that ketogenesis is down-regulated intramitochondrially in 24-h-old pigs (see also Ref. 14) . If true, does this attenuation decrease with age? The idea that MCFA activation to MCFAcyl-CoA (which occurs in the hepatocyte mitochondrial matrix and is necessary for ,&oxidation to proceed) is up-regulated with age (29) should be explored. The notion that at least one of the enzymes in the ketogenic pathway of piglets is compromised via inhibitory mechanisms (i.e., succinylCoA inhibition of HMG-CoA synthase; Ref. 18) or low enzyme protein synthesis remains to be fully evaluated.
